We present and compare AMS-14 C geochronologies for sediment cores recovered from Lake Titicaca, South America. Radiocarbon dates from three core sites constrain the timing of late Quaternary paleoenvironmental changes in the Central Andes and highlight the site-specific factors that limit the radiocarbon geochronometer. With the exception of mid-Holocene sediments, all cores are generally devoid of macrophyte fragments, thus bulk organic fractions are used to build core chronologies. Comparisons of radiocarbon results for chemically defined fractions (bulk decalcified, humate, humin) suggest that ages derived from all fractions are generally coherent in the post-13,500 yr BP time interval. In the pre-13,500 yr BP time interval, ages derived from humate extracts are significantly younger (300 -7000 years) than ages from paired humin residues. Gross age incoherencies between paired humate and humin sub-fractions in pre-13,500 yr BP sediments from all core sites probably reflect the net downward migration of humates. Ages derived from bulk decalcified fractions at our shallow water (90 m) and deep water (230 m) core sites consistently fall between ages derived from humate and humin subfractions in the pre-13,500 yr BP interval, reflecting that the bulk decalcified fraction is predominantly a mixture of humate and humin sub-fractions. Bulk decalcified ages from the pre-13,500 yr BP interval at our intermediate depth core site (150 m) are consistently older than humate (youngest) and humin sub-fractions. This uniform, reproducible pattern can be explained by the mobilization of a relatively older organic sub-fraction during and after the re-acidification step following the alkaline treatment of the bulk sediment. The inferred existence of this 'alkali-mobile, acid-soluble' subfraction implies a different depositional/post-depositional history that is potentially associated with a difference in source material. While internally consistent geochronologies can be developed for the Lake Titicaca sequence using different organic fractions, mobile organic sub-fractions and fractions containing mobile sub-fractions should generally be avoided in geochronology studies. Consequently, we believe humin and/or bulk decalcified ages provide the most consistent chronologies for the post-13,500 yr BP interval, and humin ages provide the most representative ages for sedimentation prior to 13,500 yr BP interval.
Introduction
Accurate age models are vitally important for the identification of leads and lags in paleoclimate records (Pilcher, 1991; Lowe and Walker, 2000) . Although studies of late Quaternary lacustrine facies rely almost exclusively on the AMS-14 C method for age control, most studies do not incorporate the large number of radiocarbon measurements that are necessary to address changing reservoir-water effects and constrain the timing of changes in sedimentation rates (Lowe, 1991, and references therein; Hammarlund et al., 1997) . Attempts to quantify and correct for uncertainties must compare the age results of chemically and/or physically separable fractions (macrophytes, pollen, bulk organic matter, humate, and humin) from discrete intervals (Shore et al., 1995; Abbott and Stafford, 1996; Van Klinken and Hedges, 1998) . Barring reservoir-water effects (those effects that occur when materials have incorporated carbon from aqueous bicarbonate derived from an old source; Shotton, 1972) , age coherency between isolated fractions from a discrete interval can be taken as evidence for acceptance of an age of sedimentation. Age incoherency between fractions demands a plausible explanation for the discrepancy and elimination of the ''contaminating'' fraction(s).
Sites with sound geochronologies and calibrated proxy records provide the most useful paleoclimate/ paleoecological information. Reconstructions of past environmental conditions from low-latitude sites provide important clues for identifying the forcing mechanisms responsible for climate change at millennial and submillennial timescales (e.g., Guilderson et al., 1994 Guilderson et al., , 2001 deMenocal et al., 2000a) . We present down-core AMS-14 C ages for chemically defined organic fractions from Lake Titicaca (16jS, 69jW; 3810 m asl), South America. Lake level has fluctuated by tens of meters during the last glacial/interglacial cycle, reaching a lowstand of 85 m below modern level during the middle Holocene (Wirrmann and de Oliveira Almeida, 1987; Mourguiart, 1990; Wirrmann et al., 1990 Wirrmann et al., , 1992 Wirrmann and Mourguiart, 1995; Abbott et al., 1997a,b; Mourguiart et al., 1998; Seltzer et al., 1997; Cross et al., 1999; Baker et al., 2001; Rowe et al., 2002 ). Although two lake-level proxy indicators (bulk organic d 13 C, diatoms) are now recognized (Baker et al., 2001; Rowe et al., 2002) , a detailed geochronology for the late Quaternary has not yet been established. This paper focuses on the radiocarbon geochronology, addressing the specific challenges of using 14 C as a dating tool at Lake Titicaca, and presenting the isotope-based paleoenvironmental record in the context of a new age model.
The Titicaca drainage basin (57,340 km 2 ) occupies the northern third of the high-altitude tectonic plateau known as the South American Altiplano (Fig. 1a) . Regional moisture originates from the tropical Atlantic Ocean and is transported to the Altiplano during the austral summer (DJF) by the coupled interaction of deep convection in the Amazon Basin and middle-and upper-level easterlies associated with the Bolivian High, an interaction establishing what is now termed the South American Summer Monsoon (SASM; Zhou and Lau, 1998; Garreaud, 1999 Garreaud, , 2000 Lenters and Cook, 1999; Vuille, 1999) . Most rivers on the northern Altiplano drain into Lake Titicaca (area = 8562 km 2 , volume = 903.7 Â 10 9 m 3 , Wirrmann, 1992) , and the lake drains to the south by way of the Rio Desaguadero. Direct evaporation accounts for f 95% of the annual water loss (Monnheim, 1956) . Historical lake-level changes of F 3 m largely reflect interannual variability of moisture transport to the northern Altiplano (Roche et al., 1992) . Recent studies of the modern climate leave little doubt that interannual precipitation variability on the Altiplano, metered by the intensity of the SASM, is strongly influenced by El Niño-Southern Oscillation (ENSO) variability in the equatorial Pacific ocean -atmosphere system that teleconnects with the tropical Atlantic/Amazon climate system (Aceituno, 1989; Garreaud, 2000; Vuille et al., 2000) .
Previous geochronological work
Earlier paleoenvironmental studies of Lake Titicaca generally relied on small numbers of radiocarbon ages from bulk decalcified sediments or macrophyte fragments (Wirrmann and Mourguiart, 1995; Cross et al., 1999 , and references therein). These studies presented age models sufficiently accurate for defining Holocene lake-level changes at multi-millennial to millennial timescales. Abbott et al. (1997a,b) used 60 AMS-14 C dates on fish scales, gastropod shells, and macrophytes to precisely define the last 3500 years of lake-level history in the small southern basin of Lake Titicaca. In addition, Abbott et al. (1997a,b) identified a 250-year 14 C hard-water effect for late Holocene sediments of the small basin using 210 Pb geochronometry and paired terrestrial/aquatic radiocarbon ages. The 250-year offset of radiocarbon ages was shown to be nearly constant for the past 3500 years, even during lake lowstands. Cross et al. (1999) and Baker et al. (2001) defined the timing of late Pleistocene/Holocene lake-level fluctuations using radiocarbon ages derived from bulk decalcified sediment from cores recovered from the deep northern sub-basin of Lake Titicaca. The bulk decalcified organic fraction of most lacustrine sediments is an agglomeration of sub-fractions with multiple origins, variable compositions, and different ages (Mathewes and Westgate, 1980; Nelson et al., 1988) . Radiocarbon ages on bulk decalcified sediments represent %C-weighted integrations of all organic subfractions, minus the small amount of organic matter hydrolyzed during acid decalcification. Comparison of fraction-specific ages can provide more information if macrophytes are absent from the sediment, and ages of several chemically defined organic sub-fractions may provide the best justification for using bulk decalcified ages to support age models. The humin component of sediments is considered to be chemically immobile over the time period used for radiocarbon dating because of its chemical inertness under acidic and alkaline conditions ( < 70,000 years; Hatcher et al., 1985) . Radiocarbon ages based on humin residues have not been used extensively for dating lake sediments (Abbott and Stafford, 1996) ; however, they have been investigated in soils, peats, and organic silts (Cook et al., 1998 , and references therein). The humin residue is often determined to be a complex mixture of deposition-age organic matter and older, Stuiver et al., 1998; Stuiver and Reimer, 1993; Stuiver and Polach, 1977) . Older radiocarbon ages are calibrated using a second-order polynomial equation through the published U/Th -14 C coral database . In the text and figures, calendar ages are denoted ''yr BP''. A 250-year reservoir-water correction has been made to all dates (Abbott et al., 1997a,b) . BD: bulk decalcified; HU: humin; HA: humate; MF: macrophyte fragments; BC: bulk carbonate. The box-core (NE98-10BXA) and piston core (NE97-7PC) that comprise core site C90m do not overlap; however, the time gap between the cores is believed to be less than a few hundred years.
§ Humin and humate dates from discrete intervals denoted in Fig. 2 . * Ages used in age model. recalcitrant, redeposited material, much of which is potentially locked up in clays (Schoute et al., 1983; Blystad and Selsing, 1989; Lowe, 1991 , and references therein). Under certain circumstances wherein the humin sub-fraction is known to include carbon from older sources, the age of the humate sub-fraction may be more accurate (Head et al., 1989 , and references therein). However, the mobility of humates through soil and sediment profiles over geologic time is welldocumented (Wassenaar et al., 1990 , and references therein), and the validity of constructing age models using ages derived from humate over those from humin must be critically evaluated for each chronology (Shore et al., 1995) . A more detailed geochronological investigation of Lake Titicaca sediment cores (Rowe et al., 2002) showed that, although the Holocene portion of the age model constructed by Baker et al. (2001) is sound, the possibility of post-depositional mobility of certain organic fractions may result in several internally consistent age models for latePleistocene sediments. The present study seeks to refine the chronology of late Quaternary lake-level fluctuations that are intimately linked to fluctuations in moisture transport to the Altiplano and large-scale, long-term shifts in tropical hydrologic balance. Here, we introduce 125 new 14 C dates on three different sediment fractions from three cores from the deep basin to improve the overall geochronology and to better characterize late Pleistocene age inaccuracies.
Methods
Samples for radiocarbon analysis were collected from three core sites (C90m, C150m, C230m) ( Fig.  1b; Table 1 ) in the deep, northern sub-basin of the lake. Core sites were chosen to reflect a range in water depth (90 -230 m) corresponding to a range in depositional sub-environment. We focused on dating chemically separable organic fractions because macrofossils were largely absent from our cores. We separated and analyzed the bulk decalcified sediment, humate (base-soluble, acid-insoluble), and humin (acid/base insoluble) sedimentary constituents. Laboratory sample preparation included drying bulk sediments at 60 jC followed by grinding in a mortar and pestle. Pre-weighed samples were acidified (1 N HCl) at 90 jC to remove carbonate. The resulting bulk decalcified fraction was rinsed with deionized water until neutral. An aliquot of bulk decalcified material was reacted with 1 N NaOH at 90 jC to separate the Because subcentimeter-scale correlation of laminations between the two core sites is possible, the mid-Holocene radiocarbon geochronology developed for the BMC core was imported into the C150m radiocarbon geochronology. Radiocarbon ages from the BMC core are reported with the corresponding depth from core site C150m. (pc): ''pre-calibration'', indicating that the radiocarbon date is beyond the range of INTCAL98 calibration routine. The bottom 18.7 cm of boxcore NE98-4BXB is visibly/geochemically correlative to the top 18.7 cm of piston core NE98-1PC, thus a complete record of sedimentation is represented for core site C150m. * Ages used in age model. ** The large incoherency between this date and dates from nearby intervals in core sites C150m and BMC resulted in the exclusion of this date from the age model.
y Piston core BMC, recovered in the vicinity of core site C150m (see Fig. 1b ), is currently being used for detailed studies of organic biomarkers and mid-Holocene organic/inorganic carbon sedimentation. § Humin and humate dates from discrete intervals denoted in Fig. 2 . (Tables 2 -4 ).
Results: comparison of ages from multiple cores
All bulk decalcified, humate, and humin ages are tabulated in Tables 2 -4 . In order to show preliminary inter-and intra-fraction age patterns within and between cores, down-core bulk geochemical records Tables 2 -4. were utilized to identify three discrete, correlative intervals to date in the three piston cores (Fig. 2) . Age results for the three intervals, denoted ''A'', ''B'', and ''C'' in Fig. 2 , are indicated by ' §' in Tables 2-4. The results suggest that within an interval, (1) ages derived from humin have a smaller age range than ages derived from humate, and (2) with only one exception, humate ages are younger than their corresponding humin ages. The preliminary results suggest that humin residues give more coherent ages between cores for a given sedimentary interval.
Ages are presented for each core site in the context of sediment depth and stratigraphy (Fig. 3) . The age/ depth curves for each fraction in each core are generally consistent down-core, and ages derived from any of the three organic fractions are generally coherent in sediments younger than 13,500 yr BP. In the pre-13,500 yr BP interval, however, ages of the various fractions are divergent, with age offsets as large as 7000 years for a given interval. At sites C90m and C230m, humate ages are consistently youngest, followed by bulk decalcified ages and humin ages (oldest), heretofore denoted the ''HA -BD -HU'' age pattern. At the intermediate water depth core site, C150m, humate ages are consistently youngest, followed by humin ages and bulk decalcified ages (oldest), heretofore denoted the ''HA -HU -BD'' age pattern.
Discussion

Between-core and between-fraction age inhomogeneity
Differences in depositional sub-environment create between-core incoherencies in age, geological signature, and proxy record signature that are revealed when comparing multiple down-core records from the same lake. These incoherencies arise from differences in sedimentation rate, bioturbation, pelagic versus littoral input, and detrital input. With the exception of the sample chosen for interval ''C'' at core site C150m, we believe the minor within-fraction age differences for the three discrete intervals in Fig. 2 are predominantly a consequence of the depositional inhomogeneity between the respective core sites. We believe the sample chosen for interval ''C'' at core site C150m does not represent the same discrete interval chosen for the other two core sites.
In Lake Titicaca sediments, age consistency between different organic fractions in the post-13,500 yr BP sediment interval affirms the use of any or all chemically extractable sub-fractions, including the bulk decalcified fraction, for constructing age/depth models possessing centennial-scale accuracy. This is not the case for the pre-13,500 yr BP interval, within Fig. 3 . Down-core bulk decalcified, humate, and humin age results for the three core sites: (a) C90m, (b) C150m, (c) C230m, plotted with respect to calendar age, sediment depth below surface, and a simplified stratigraphy. Solid lines indicate the model used to assign ages to down-core results. Age models are based upon ages from bulk decalcified and humin (humin) sub-fractions in the post-13,500 yr BP (pre-13,500 yr BP) interval. which humate, bulk decalcified, and humin ages from a discrete sample interval may span several thousand years (Fig. 3) . The HA -BD -HU age pattern observed at core sites C90m and C230m suggests that these sediments underwent a similar depositional and/or post-depositional history that was different from that of core site C150m. Mass balance calculations using the organic fractions of C230m (not shown) indicate the bulk decalcified fraction is predominantly a mixture of humin and humate sub-fractions. This cannot be the case for core site C150m, characterized by a bulk decalcified fraction that is older than both humin and humate sub-fractions. The HA -HU -BD age pattern of core site C150m implies that the bulk decalcified fraction integrates an older sub-fraction that is hydrolyzed during base extraction but is not re-precipitated during the humate recovery step (addition of concentrated HCl). As a consequence, this alkali-mobile, acidsoluble sub-fraction does not contribute to the humate or humin age results. Furthermore, because this subfraction initially hydrolyzes under basic conditions and does not re-precipitate during acidification, it is by definition a fulvic sub-component (e.g., Rashid and King, 1970) , which we designate here as the ''AlkaliMobile Fulvic'' or AMF sub-fraction.
The solubility properties and greater age of the AMF sub-fraction make it inherently different from the humin and humate sub-fractions. The AMF subfraction is not removed during initial sediment decalcification revealing that its origin and/or chemical stability is different from other fulvic acids that are released during the decalcification step. This observation leads us to propose a group of mechanisms that stabilize or ''protect'' the AMF sub-fraction from hydrolyzing during the initial decalcification step, but permanently destabilize the AMF sub-fraction during the subsequent alkaline treatment. We believe the most suitable set of circumstances under which otherwise-mobile organics are sequestered from solution is through organic -mineral and/or organometallic interactions, or through simple occlusion of organics within mineral pore spaces.
Potential mechanisms that stabilize/destabilize the AMF sub-fraction
We believe the AMF sub-fraction inferred from the HA -HU -BD age pattern at core site C150m has its origins through one or several mechanism(s): organic adsorption on mineral surfaces, organometallic interactions, occlusion of organic matter into sealed mineral pore spaces, or interlamellar binding (adsorption/absorption) of fulvic/humic molecules (Schnitzer and Kodama, 1967; Rashid and King, 1970; Greenland, 1971; Rashid, 1971; Rashid et al., 1972; Davis and Gloor, 1981; Davis, 1982; Preston and Riley, 1982; Jardine et al., 1989; Wang and Lee, 1993; Gu et al., 1994 Gu et al., , 1995 Kiel et al., 1994; Thimsen and Kiel, 1998; Hedges and Kiel, 1999; Arnarson and Kiel, 2000) . Some mechanisms are better at sequestering the AMF sub-fraction than others, and certainly some mechanisms do not uniquely apply to core site C150m. We believe the origin of the AMF sub-fraction is reasonably explained if eroded clays containing radiocarbondepleted organic matter (fulvic acids) within their interlamellar sites were deposited at core site C150m but did not represent a significant depositional component at the other two core sites. The initial decalcification step may extract some of the fulvics held in the interlamellar sites, but much of this subfraction remains immobilized. In addition to the humate fraction, the alkaline hydrolysis liberates most of the interlamellae-bound fulvic fraction, which remains in suspension during the subsequent re-acidification.
Why might core site C150m receive clays containing interlamellae-bound carbon and not the other two core sites? A difference in source materials may account for this differential sedimentation pattern. Because of its location in Yunguyo Bay, core site C150m may have received a significant portion of its glacial clays from the weathered and glaciated volcanic terrain exposed around the southern portion of Lago Grande. Core site C90m most likely received most of its input from the sedimentary strata (predominantly red sandstones) on the western edge of the lake, and core site C230m likely received its glacial inputs directly from the sedimentary strata and granitic complexes exposed in the eastern cordillera. In addition to interlamellar mechanisms, strong mineral surface sorption, organo-metallic complexation, and/ or pore space occlusion of organic constituents potentially explain the reason for the HA -HU -BD age pattern at C150m, but it is difficult to rationalize why these same mechanisms would not be important at core sites C90m and C230m. A detailed investigation of mineral content and provenance would help decipher the sedimentological differences between the core sites.
5.3. Suitability of the various fractions for constructing age models in the pre-13,500 yr BP interval Regardless of core location, the youngest extractable organic component in the pre-13,500 yr BP interval is the humate sub-fraction. The younger age of the humate sub-fraction and the significant age difference between the humin and humate components most likely reflect the downward movement of humate through interconnected pore spaces (Wassenaar et al., 1990 , and references therein). The solubility of the AMF sub-fraction under alkaline/acidic conditions also characterizes it as a mobile component over geologic time, rendering it unfavorable for age dating purposes. Bulk decalcified ages integrate the humate and AMF sub-fractions, suggesting the bulk decalcified fraction may not be the most suitable fraction to use for constructing age models in sediments prior to 13,500 yr BP. Given this, the humin sub-fraction is apparently the optimal component for age-dating at all core sites in Lake Titicaca. Humin is insoluble over geologic time and the organic-poor Altiplano soils create a low potential for input of old detrital (not interlamellae-bound) carbon from the surrounding basin (Binford et al., 1992; Rodrigo and Wirrmann, 1992) . In addition, the bulk C/N ratio of glacial age sediments (C/N < 6) does not reflect a significant terrestrial input of organic matter (C/ N>40). Down-core wt.% C org , C/N, and d 13 C org records are plotted to illustrate core-to-core reproducibility within the post-13,500 yr BP interval, and the effectiveness of using the humin fractions for obtaining ages that best represent depositional ages in the pre-13,500 yr BP interval (Fig. 4a-c) .
The geochronologies between core sites are slightly diachronous in the middle Holocene interval. In these laminated, carbonate-rich facies, interpreted to represent mid-Holocene lowstand deposits, isotopic and chemical variability at the shallow water core site leads changes at the intermediate and deep water core sites by approximately 500-800 years. Seismic profiles of the lake sediments (Seltzer et al., 1997) indicate that the mid-Holocene lake level reached 85 m below modern. This interpretation brings the shallow water core site within f 5 m of the mid-Holocene shoreline. Given the near-shore setting of core site C90m during the mid-Holocene and the certainty of erosion of exposed lakebed above the core site, organic deposition at the shallow water core site was probably a mixture of ''new'' organic carbon and slightly older, eroded material. Accordingly, sediments in the mid- Holocene section of the shallow water core site appear slightly older than sediments at the intermediate and deep water core sites, which did not receive significant eroded organic matter.
Timing of lake level change and global climate change
The down-core isotopic composition of bulk organic carbon (d 13 C org ) from the deep water core site is plotted with an age model based on eight bulk decalcified and nine humin ages in the post-13,500 yr BP interval and 16 humin ages from the pre-13,500 yr BP interval (Fig. 5) . d 13 C org records relative shifts between lighter isotopic signatures associated with pelagic algae (f À 24x ) and heavier isotopic signatures of littoral zone macrophytes (f À 12 F4x ) found in the lake shallows (Cross et al., 1999; Baker et al., 2001; Rowe et al., 2002) . Consequently, downcore d 13 C org changes with shoreline proximity to core site, and in essence represents late Quaternary changes in the level of Lake Titicaca. Plotted along with the proxy lake-level record are ice-core d
18 O and dD records from a nearby icecap (Sajama; Thompson et al., 1998) , the Greenland Icecap (GISP2; Grootes et al., 1993) , and two Antarctic icecaps (Vostok, Jouzel et al., 1996; Taylor Dome, Steig et al., 1998) (Fig. 5) . Isotopic changes in the ice cores reflect large-scale changes in hemispheric and global climate. Fig. 5 illustrates that highstand conditions existed at Lake Titicaca during most of the last glacial episode. According to the d 13 C org proxy, a multimillennial regressive phase began during or just prior to the Bølling/Allerød period, and continued into the Pre-Boreal period. The decrease in lake level is probably in response to a weakening of the SASM, a consequence of decreased summer insolation to the southern hemisphere. The weakening of the SASM across the Pleistocene -Holocene boundary was out of phase with the strengthening West African monsoon, a response to increased northern hemisphere insolation (deMenocal et al., 2000b) .
At the submillennial timescale, the d 13 C org -based lake-level reconstruction of the Bølling/Allerød to PreBoreal period is inconsistent with a previously published diatom-based lake-level record from Lake Titicaca (Baker et al., 2001 ), although we believe the discordance in interpretations is not a function of different geochronologies, but instead, arises from differences in proxy response to internal lake processes, and to a lesser degree, proxy-specific diagenetic effects, and proxy calibration. The diatom-based lake-level record indicates changes in water depth beginning in the Bølling/Allerød period, but inferences based on the diatom data suggest a series of oscillations in lake level in the period from about 15,000 to 8000 yr BP, in contrast to the more directional pattern evident in the d 13 C org . Modern data from Lake Titicaca indicate that both d 13 C org (Cross et al., 1999; Rowe et al., 2002) and diatom abundance patterns (Tapia et al., manuscript in preparation) show clear relationships to lake depth, and the strength of these relationships supports the use of both proxies as indicators of lake-level change. The differences in pattern of the two proxies during deglaciation likely reflect differences in the thresholds for response to lake-level change and variables affected by lake-level change. Thus, as the elevation of Lake Titicaca fluctuated above and below the outlet level in response to climate variation, the timing and rate of response of the physico-chemical variables that affect diatoms were not identical to the timing and rate of change in the factors that produced changes in d 13 C org . In any case, it is clear that a distinct lake-level response to insolation change during deglaciation began during or just prior to the Bølling/Allerød period.
Lake level dropped precipitously during the middle Holocene by approximately 85 m, as inferred from ostracode biostratigraphy and seismic stratigraphy (Wirrmann and Mourguiart, 1995, and references therein; Seltzer et al., 1997) . The mid-Holocene lowstand (MHLS) at Lake Titicaca is the most obvious climate episode of the last 25,000 years, yet, with the exception of the post-6000 yr BP variability increase in the d 18 O profile of the Sajama record, the MHLS is not reflected by substantial changes in the ice-core records. This suggests that ice-core records from the interior of Greenland and Antarctica were largely insensitive to the variables that forced the mid-Holocene regressive phase at Lake Titicaca. However, recent evidence from the Palmer Deep, immediately west of the Antarctic Peninsula, indicates that the middle Holocene was a time of significantly increased surface productivity (Domack et al., 2001) , perhaps brought about by a strong teleconnection to sustained El Niño-Southern Oscillation (ENSO) warm mode conditions. The MHLS is thought to be a non-linear coupled response to ENSO and insolation (Martin et al., 1993; Rowe et al., 2002) , as it is nearly concurrent with the mid-Holocene re-establishment of ENSO conditions in the equatorial Pacific (Sandweiss et al., 2001 , and references therein). The shift toward a strengthened SASM (and weakened West African monsoon) occurred between 5000 and 6000 yr BP. The subsequent transgressive phase, leading to modern lake highstand conditions, began as early as 5000 yr BP.
Conclusions
The timing of continent-scale and interhemispheric paleoenvironmental changes can only be as accurate as the geochronological underpinnings of the individual records. Often, the weakest aspect of a paleoenvironmental reconstruction is the age control. The results presented here indicate various pitfalls associated with reliance upon a single core site and a single organic fraction for dating purposes. We have established what we believe is the optimal fraction for constructing an age model for Lake Titicaca that most accurately reflects the age of sediment deposition by comparing radiocarbon ages of chemically defined organic fractions from multiple core sites. Radiocarbon ages derived from bulk decalcified sediment, humate, and humin fractions generally agree within standard AMS-14 C errors of f 50 -80 years for sediments deposited after 13,500 yr BP. Internally consistent chronologies can be developed using bulk decalcified sediment and humate fractions. However, on the basis of mobility, we believe these fractions do not yield the most representative ages for deposition in the pre-13,500 yr BP interval. Because of the presumably insignificant input of old detrital carbon (with the exception of mid-Holocene sedimentation to C90m) and the geochemically inert nature of the acid/ alkali-insoluble residue we selected the humin subfraction to establish core chronology in this analysis, especially in pre-13,500 yr BP sediments.
We used down-core geochemical proxy results to define large-scale changes in the level of Lake Titicaca during the past f 29,000 years. Comparison of the lake-level record with isotopic profiles from ice cores reveals that the middle Holocene lowstand present at Lake Titicaca is absent in polar ice cores and the Sajama ice core. In the Sajama core it marks the onset of more variable d
18 O. Over a multi-millennial time scale the Lake Titicaca record is consistent among the different lake-level proxies, but in finer detail we must further consider how internal lake processes, postdepositional effects, and the limitations of modern site calibration influence the interpretation of individual proxies. In addition to strengthening the Lake Titicaca record for use as a regional paleohydrology index, the geochronological refinement presented here permits stronger paleoclimate comparisons to be established between the central Andes and distant records of global change.
